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Last fairs annouraemBnts by IBM and Motorola of plans to use copper 
interconnects as soon as 1 998 came as a surprise to many who con- 
sider to*-* materials to be more enabling than copper, with benefits 
beyond device speed improvements through lower RC tresis* 
tance x capacitance) delay. Low* dielectrics ran only tower line-to-Sne 
capacitance, but also reduce cross-talk noise in the interconnect and alleviate 

power dissipation issues. appears the industry is being mure con- 

It seems Ihe many challenges ofmle- scrvativc, implementing k=3.0-4,.0 a! 



grating and attaining a net low-k in pro- 
duction devices convinced companies 
to switch to copper first, especially with 
expected reductions in manufacturing 
cost. 1 

Interconnect delay begins to domi- 
nate overall device delay at 0,1 8 juii, 
making copper and tow-k transitions so 
attractive (Fig. I}. Increasing device 
capacitance (Fig. 2) is remedied by 
reducing dielectric constant (k) from 
-4.0 for SiOj to 3.0, 2.0 and as close In 
1.0 as possible. So while the jump to 
copper was interpreted by some as a set- 
back for low-k, recent progress in into 
grating various low-k materials is quite 
encouraging. Importantly, while the 
Semiconductor Hoadmap calls for 
dielectrics with fer2.5-3.0 for 0.18 i*m 
' devices and 2.0-2,5 at 0.15 u>ra, it 



0.18 pm and 2.5*3.0 at the next tech- 
nology node, 0.1 5 iun or 0.B jtm. 



Table 1 lists die most promising candi- 
dates for low-k mncrlcvel dielectrics 
(ILDs), along with key performance 
parameters. Early winners include 
hydrogen silscsmua*ane (HSQ)and flu- 
orinated oxides delivering k of 3.0 and 
3.5, respectively. For k below 3.0, organ- 
ic polymers such as poly(arylcne)cthca 
(PAE), bcraoiicyclobutene (BOB) and. 
an aromatic hydrocarbon show promise, 
as do silicon-based CVD films. For 
uUraluw-k (<2.0)„ feasible spin-on can- 
didates include nanoporom silica Alms 
(k= 1. 3-2.5), porous polymers and poly- 
tetrannorocthylene (PTFK) (k=1.9). 
The best low-k dielectrics perform 



reliably upon integration with the man- 
ufacturing process, exhilwting high ther- 
mal stability (to 425°C), mechanical sta- 
bility and compatibility with etching, 
stripping, cleaning and polishing 
processes (Table ^Integration is the 
single tnost important challenge for low- 
k materials," said Farhad Moghadam, 
vice president and general manager of 
dielectric deposition and emerging 
technologies at Applied Materials 
(Santa Clam, Calif.). Eatendabtlity of 
low-k materials will minimize integra- 
tion risk and eosl^Thennat compatibili- 
ty with assembly and packaging process- 
os over 400°C is also a key requirement 
Wtiether edmpanies migrate to Cu 
damascene strocHircs or remain with Ai 
processes for a time (and it appears that 
both will happen}, low-k requirements 
will differ (Pig. 3). For example, high- 
aspect-ratio gap 111) is critical in tin: tra- 
ditional scenario. Liner materials, 
deposited using PKCVD or high densi- 
ty plasma CVD (HDP-CVD), can be 
used to provide a moisture barrier, 
improve step coverage or enhance adhe- 
sion. Ken Monntg, director of iutcrcon* 
nect at SEMATECH (Austin, Texas), 
explained how early low-k materials 
often could not fulfill the requirements 
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While no one material is flawless , many low-k dielectrics are 
proving viable in aluminum and copper-based flows. 



fur thermal stalntity, low outgoing and 
gap fill "to the past, those were con* 
Aiding requirements/* he said. *You 
could only gel two of lite three desired 
properties, but with these newer materi- 
als thai arc coming oil line, there is a 
sweet spot where you can get most of tin: 
properties you want** 

In a Cu damascene structure, drclco 
trie gap fit! is no longer an issue, but the 
deposited dielectric is sufficiently thick- 
cr Oran ILDs used in subtracthrc process- 
es. Liner oxides may be required, and 
capping layers, which increase the 
mechanical stability of the dielectric 
during Cu CMP, typically arc used. 
Nitride or oxynilridc films are used lie* 
fluently for dielectric etch stop. The low- 
k dicJ eclric must be compatible with tan- 
talum f fa). TaN and TiN barrier films. 

u O»c cl*alleuge in etching structures 
with traditional oxides and low-k matcri- 
als is maintaining vertical profiles with- 
out compromising thrrnu^ipoC said Or. 
David Hcmkcr. senior director of new 
product development at Lam Research 
(Fremont, Calif.). "By optimizing 
chemistries for these dissimilar materials 
for an in-situ process, need for addition- 
al etch chambers can be eliminated" 



What makes m 90c 

The effectiveness of a non-conductor 
(dielectric) at storing electrical potential 
energy under the influence of an dec- 
trie field is measured in its pcrmitmty or 
dielectric constant (denoted as € or k). 
'nwlowcstattamablckblAu^tofaJr. 
Net k value depends on film chemistry 
and deposition method, for example, 
thermal oxide has k of 3.9, whereas k of 
a PECVD oxide film is 4.1-4.1 Similar- 
ly, k of thermal nitride is (LO-7.0, but the 
range for PECVD nitride h 6.04.0. 

There arc over 100 parameters of 
interest in dielectric films. In 1993, 



SKMATfcCH and member companies 
determined the 20 most critical parame- 
ters, selected testing mcritod* and rec- 
ommended screening limits. Tim list is 
still being used as the benchmark tool 
for evaluation of dielectrics* Momug 
said. "A lew things liavc changed. For 
instance, we not only measure dielectric 



constant at 1UMII* hut over a range of 
fremtcitcics. ttut by and large, compa- 
nies remain pleased with the screening 
procedures atul tike to apply the same 
'yardstick* to all the dielectrics." 

An ideal hnv-k dielectric offers lovv-k 
with other properties that closely resem- 
ble tlwsc of thermal SiO |t especially tow 
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leakage, tow thermal coefficient of 
expansion (vlU ppm/Xl). lugb dielec- 
tric breakdown voltage (2-3 MV/cm}, 
low film siren, low water absorptioii, 
high cracking resistance, adhesion lt» 
other materials, etc. UJCh must also dis- 
sipate heal generated in metal lends. 
Unfortunately, lmv-k dielectrics arc 
poorer thermal conductors titan SK> p 
with conductivities of 17 m VV/cm*C for 
HSQ and 4.0 for lumoporous silica, rel- 
ative to 12.0 for HDP-CVI) oxides. For 
this and other reasons, oxide lay- 
ers will continue to be used with 
low-k dielectrics. Finally, the 
low-k dielectrics must meet 
requirements of commercial 
availability, high purity, iowcost- 
of-owncrship, etc. 



Texas Instruments (TI. Dallas, Texas) 
hqpit usiitg HSQ ll.l>s at tltc OS |«u 
generation. George Toskcy, marketing 
manager for l«w-k products at Dow 
Cuming (Midland, Mich ) explained 
dial while early interest in HSQ was for 
process simplification, as chip mauulav- 
turers migrate to the next generation, 
they look to I ISQ for its low-k properties- 
**I1jroogh optimisation of the curing 
process* using rapid thermal processing 
and other changes, we aim to reduce 



HSQ films arc more susceptible than 
Sif),. During nnisl stripping and via 
sidcwalt polymer removal, k valtic of the 
2 ISQ film is raised near the sidcwall. 
Furnace curing with low Oj content and 
a degas step prior to barrier metal depo- 
sition minimize moisture problems. 
While 1 ISQ is compatible with current 
resist chemistries, specially formulated 
new products availahlc from KKC Tech- 
nology (llayward, Calif.) and Ashland 
ACT (Columbus, Ohio) can further 
1 preserve HSQ integrity. 



HSO and PSG in production 

CVD of nominated oxide (FSC) 
and HSQ spin-on material were 
the early winners for many 0.5- 
0.25 fun processes. 

FSC, a silicon oxy fluoride 
(FSiO,). yields k of -3.5. Ik 
high electronegativity of fluorine 
reduces the pobrizabilify of the 
film, decreasing its dielectric 
constant FSC films are formed 
using PKCVD or HDP-CVD 
tools, adding silicon Ictrafluoridc 
(Siig to the silane (StH«) # Q t 
and argon gases. About 6% fluo- 
rine content is the determined limit for 
ILDs because of the fluorine atoms' 
instability. Fluorine evolution front the 
oxide causes aluminum etching during 
via KIK. degradation of the 
Al/Ti/TiN/W plug interface and 
increased via resistance. 1 However, with 
process optimization, stable FSC films 
can be formed. IBM successfuUy into* 
grated FSC into 0.35 and 0.25 p.m 
microprocessors, yielding equivalent via 
resistance, functional yield, ckct«omi- 
gratton and stress migration characteris- 
tics to HDP-CVD oxide films in the 
same application. 1 
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the dielectric constant of HSQ films 
from 2.9 today to 2.57 said. 

Dow Coming's HSQ material, avail- 
able as Fiowablc Oxide (FOx ), has k of 
2.° after curing. HSQ was used initially 
only between metal wiring lines (where 
it was needed most), yielding an overall 
dielectric constant of 3.1-3.6 depending 
on the dielectric type and thickness 
used in the liner and capping films. 
HSQ was recently integrated into a 
device with five layers of Al intercon- 
nect (Fig. 4), 1 using an oxide cap to 
improve HSQ stability during WCVD 
and Al fill. 



Some silicon-based spin-on 
poymcrs, extensions of produc- 
tion-proven SOCs, compete 
directly with HSQ with com- 
parable dielectric constant, 
refractive index, thermal stabil- 
ity and gap filling capabilities. 
1 Ac I ISQ, extensions of SOCs 
arc being used in single-step, 
nun-ctchback processes, re- 
placing mature parlial-eteh- 
back processes. The SOG 
process is simplified; costs are 
reduced, and k is 2.8-3.0. Via 
poisoning, a critical issue for 
traditional SOCs, is less of an 
** issue with newer spin-on poly- 
mers. Via poisoning occurs 
when etched/stripped diclee* 
trie sidewalk absorb moisture prior to 
via filling, leading to metal corrosion 
and high via resistance. Kir HSQ pro- 
cessing, care is required to maintain 
oxidativtty and thermally stable Si-11 
bonds. However, the itwomoration of a 
critical level of Si-C bonds results in 
more stable k values. New spin-on poly- 
mers arc more robust due to increased 
film density ami Si-C bond stabilising 
effects. 

AlliedSignal (Sunnyvale, Calif.) 
recently released a new spin-on copoly- 
mer, T23, flowing tins design ratio- 
mile. 
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The greatest amount of competition 
mday ««b i» «« arena. l*n>pcr- 
,ics of dtermal stability, adl.es.ou a«d 

important- Likely spnxm 
k-2.5-2 8 mctndc silicon-based poly- 
mers wirt. higher organic contort, an 
^.oatie hydrocarbon, «*«-• »«• 
divioyl BCB(DVS-1>CB) : 

H«orinc evolution from the oxide n. 
FSC film* causes engineers to be _ con- 
cerned about integrating nuonnc-basco 

Z particular, flaorincjsadj^ 

^j5 c TSiT^,nulion and Uw or low- 





„hHm polvmcrs can wirt^and 1$0°C 
temperatures for short pcrmds. 

PAKa u.c one such class ol potyme". 
«omallc»ln.ct«.«tl^tol«w.*- 
Wtonpeso^cyelingU^jM- 
ic polyn*.*. Scl«.««c>«« (CatUUa^ 
CWJpionccred lhc use of .ku»W 
^.cd PAKnvacriab. Urtroducing .tshrt- 
«, vcrsiom VKIX)X. in January • >** 
deary. Schumacher's chenucal prod- 

c^lcut adhesion property ^ 
^motcr and ite ability lo be polled 

MARK 2.0 ptn.hu. ■ 

Iia i with t of -2.8. t"**:™ 

dcriEn edforl^o.,lgass : n 6 »«»"^ 
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1 k materials with copper. 
1 Most spin-on organic polyu*« M 
jignificantly different ftomsp^n 
JLcr. mo.shucdoo»»te^«h.«ng 

airing, and due to superior crack 
tanc^e layer dep^tion»t^% 

possible. However. adhesion i>toinute« 

Sly are ^"ircd- ^r^^ 
for polymer properties include die back- 
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ho,* chemical *^™>*^}£t 
bu,K rigidity -nWorn^lOy and effce^ 

of deposition, baking, cm and 
annealing. Mytnertnring often »P*- 
foiroc d in an inert en-ironme«ttop re. 

ven! the breaking of polymer bowB a <.-n B "~— ; ,. , 

5. ten.pera.-res. "SOC is really a '« $U my for pol«*«J 

* c convex system, because anient JJ^J M^* 11 *^ 
pUys a role in the cn»4"*«><g . rt.,.,* to 

^^anor^P^-; 

prcfonned and is ""'^^J^'r 
Sfcr.- said Neil Hendricks, dtoccttw of 
strategic lechnotegu* * MBed*^ 
^reported previously thai lonl, -one 

45VC ; * however. studies show several 



FLARE films. Accoro»w «- . 
L«h progress indicate, 1*1* ability to 
^^.HesnfAlRIK^^ 
daSUc^"^ O^Chenncals 
S^Kuwterial is anothw affimatK^oJr: 
aroma* hydrocarbon contan, 
i,«,«>.aieo.tornnorinc. 
A recent study by Kujitsu (fowasak.. 
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Japan) demonstrated one of tbc Tint 
integral tons of organic polymers, SiLK 
and FLARE 2.0, in a two-level C« dam- 
ascene structure. Chosen due to llicir 
high thermal stability,* SiLK and 
KLAftE demonstrated little cliange in k 
value after five-hour anneals at 425°C. 
'Hie process used TtN harrier layers, Cu 
and tungsten plugs, nitlicx titan a dual- 
<bmascaK approach. An oxide can acted 
as hard mask and CMP stopper. Fig. 5 
shows the first level integration. 

BOB is used widely as an 1LD in mul- 
tilevel metal CaAs devices while playing 
a role in muttichip module assembly. 
Using an oxide Iwrd mask to increase 
stability of fiCB to 3V0*C, it is irdegrai- 
cd with TiN harrier deposition, Cn fifl 
by MOCVD and Cu CMP in a single 
damascene structure.* Dow Chemical is 
extending its Cyelotcnc BCB line to 
lower k by creating a welt-controlled 
porous film. Similar activities arc under- 
way for porous SiLK products. 

A recent study dcuYonstiatcd the har- 
rier tfualirics of organic polymers (Fig. 
6)7 "Hi is study caused quite a stir in tbc 
industry, because everyone knew Oxide 
was bad for copper migration and 
nitrides were good, but they never knew 



where the poly- 
mcrs came in," said 
Jack 8ralcy. mar- 
keting manager of 
low-k products for 
Dow Chemical 

Even if low-k 
materials were 
completely imper- 
vious to copper, it 
is unlikely that bar- 
rier films could be 
eliminated. 
There's really two 
issues for copper 
diffusion, through 
the low-k material 
itself and along the 
interfaces between 
materials,** Monnig 
said. The latter can cause leakage or 
charge storage effects in the intercon- 
nect, which could actually prove to be 
bigger Issues than the poisoning of tran- 
sistors by copper." 

Tbc k value of 
organic polymers pos- . 
sibly can be lowered * 
hy making such mate- = 
rials porous. "If you 
start with a k of 2.6S 
and put 20% porosity 
into that polymer, you > 
can get down to t.9/* 
Braley said. "With an 
inorganic porous 
material like St0 2 , / 
you have to have 70% 
air to get the k down to . 
2.0." 

Lout-it CUD films: 

Films with k of 
~^0 can be formed 
using a low*k Flowfill 
CVD process devel- 
oped by Triton Tcch- 
nologics (Newport, 
Cwcnt. UK). The 



process reacts methylsilane (CJJ f -SiI I,) 
with HjO, to form monsilicic acid, 
whkh condenses on a cool wafer ami is 
converted into an amorphous methyl- 
doped silicon oxide. Annealing at 400^C 
for 10 nun removes moisture. Beyond 
mcthykilanc, studies show a possible k 
of 2.75 using dimcthylsilanc in the 
Mowfril process. 

In HDF-CVD. mcthyfciUic or 
tKmcthyisibne and O t am provide k as 
low as L75 (fig- 7), Trimeihylsilanc . 
(not shown), available from Dow Com- 
ing, can be used to deposit low-k (2.6) 
dielectric films. 

The mcthytcsilaiuNhascd film is com- 
parable to the spin-on material methyl- 
sitsesuuioxanc (MSQ), yet recent testing 
by Mitsubishi indicates tliat MS£> (k 
~2.7), lias a higher carbon content t han 
the CVD film* It appears that O, plas- 
ma and post anncaliug do not decom- 
pose die CVD film easily, and nearly 
twice as much moisture outgasses from 
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the $pnn*on film. 

Applied Materials lias plans to intro- 
duce an inorganic silicon-based CVD 
process called Black Diamond, which is 
being Integrated with the company's 
high density plasma etching, Cu CVD 
seed layer, electroplating and Co CMP 
processes. Figure 8 shows first-level inte- 
gration of the process, which yields a net 
k value of 2.S. 

An alternative CVD approach uses 
CH 4 or C 4 F t and low temperature 
(250°C) plasma CVD to create fluon- 
natcd amorphous carbon (Urns (a-F;C). 

Parylcnc aliphatic tcfraflnorinated 
poly-p-Kylylcnc (AK4) processes arc 
offered by Novcllus (San Jose, Calif.). 
The Aim delivers k of 2.25, while pass- 
ing requirements for adhesion, via resis- 
tance and clcctromigralion lifetime.* 
Vapor-phase delivery of paryknc poses 
special requirements. Paul Wackborow. 
vice president of markeling at MKS 
Instruments (Andovcr, Mass.), recom- 




mended use of a pressure-based MFC 
operating at 200°C to control parylene 
precursor flow rate, adding that gas 
delivery lines, gauges, valves, etc., 
should also be maintained at 200°C to 
avoid "cold spots" in the system. 
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i materials: k<2.0 

tTFK 1LD materials arc chemically and 
cicctncally different from the form used 
in water carriers, higlt-puriiy piping and 
wet benches. In addition, PTFE and 
Teflon terms arc not synonymous. 
Teflon tf a DuPont tradename, referring 
to PTFE and a variety of other fluorine- 
based products. Raw PTFE is offered as 
PTFE mtcropowdcfs, granular PTFE* 
PTFE dispersion and PTFE nanoemul- 
sion. 

Wi* Core and Associates is in 
prototype production of a PTFE 
spin-on material with k of 1 .9, the 
lowest attained nsing a non- 
porous organic material. The 
SPEEDF1LM material is an aque- 
ous emulsion containing sub-20 
urn PTFE particles and surfac- 
tant. The film demonstrates good 
thermal stability a) up to 400°C 
and has a 460°C decomposifioft 
tctnperaturc. SPEEDF1LM » not 
comrncretalially available yet, but 
it has undergone adhesion testing, 
etching, CMP studies as well as 
electrical cliaracterUatton and is 
being integrated into 0.15 fun 
devices. 1 * 

Michael Mocclla, senior technical 
consultant for DuPont's Electronic 
Gases Croup (Wilmington, Del ), 
explained that PTFE CVD films, 
though less studied than the spin-on 
counter-part, might oiler benefits of sim- 
pler nmoURcaiton of the film structure to 
optimize film performance. CVD of 
PTFE uses thermal (non-plasma) acti- 
vation. 

A leading inorganic material with 
k-t. 3-2.5 is nanoporous silica, com- 
mercially offered as AlUedSignal's 



Nanogtass material, '11 reported fcwibil- 
try using Nannglass in Al and single Co 
damascene structures* Using u,m 
metal lines, the Cu/Naiwglass devices 
provided a 56% reduction in capaci- 
tance for lines of equal resistance awl a 
46% decrease in resistance for intercon- 
nects of equal capacitance. Nanoglass 
has a humble dielectric constant (Fig. 9) 
that relics on pom density. High-tem- 
perature testing of Nanoglas* films 
reveals a stable k of 2.0 in an uncapped 
film after repeated thermal cycling to 

scare. 

IBM is characterizing porous 
orgjnosiUcates with k values of 2.2 at 
20% to 50% poroshy levels. These mate- 
rials demonstrate high thermal stability 
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and process simplicity. Or. Robert 
Miller, manager of advanced orgauie 
materials at lUM's Almadcn Research 
Center (San Jose. Calif.), otpJai ned how 
nanoporous inorganic-organic hybrids 
are created through the vitrification of 
low molecular weight $itses<su*o*aues in 
the presence of highly-branched thci- 
mally-labile aliphatic polyesters of con- 
trolled molecular weight and architec- 
ture. Then the thermally-labile pme 
generator is removed by healing to 550* 
WC The combined doscd-cctl pores 
and intrinsically hydroplwbic matrix 
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